In this paper we study the energy loss of jets in the QGP via the nuclear modification factor R AA for unidentified particles at high p T ( 10 GeV/c) in and out of the reaction plane of the collision. We argue that at such a high p T there are no genuine flow effects and, assuming that the energy loss is only sensitive to initial characteristics such as the density and geometry, find that R AA depends linearly on the (RMS) length extracted from Glauber simulations. Furthermore we observe that for different centrality classes the density dependence of the energy loss enters as the square root of the charged particle multiplicity normalized to the initial overlap area.
In this paper we study the energy loss of jets in the QGP via the nuclear modification factor R AA for unidentified particles at high p T ( 10 GeV/c) in and out of the reaction plane of the collision. We argue that at such a high p T there are no genuine flow effects and, assuming that the energy loss is only sensitive to initial characteristics such as the density and geometry, find that R AA depends linearly on the (RMS) length extracted from Glauber simulations. Furthermore we observe that for different centrality classes the density dependence of the energy loss enters as the square root of the charged particle multiplicity normalized to the initial overlap area.
The energy loss extracted for RHIC and LHC data from the R AA is found to exhibit a universal behavior.
I. INTRODUCTION
One of the most stunning results from the heavy ion programs at RHIC and LHC is the quenching of jets and single-inclusive hadron spectra [1] [2] [3] . Being perturbative probes for which we can calculate the vacuum baseline to high precision, jets are potentially excellent probes of the medium created in heavy ion collisions. Modifications, arising due to interactions with the hot and dense matter, are indeed expected to arise at timescales comparable to the lifetime of the medium are typically characterized in terms of elastic and radiative energy losses [4, 5] , for recent reviews see, e.g., [6] [7] [8] . Presently our theoretical control of the jet fragmentation is however limited. In particular, the importance of modifications of the jet substructures due to the transverse medium resolution was only recently pointed out [9] . Recent results from the LHC on the suppression of single-inclusive hadrons and jets are in this context challenging to reconcile with the corresponding observations at RHIC [10] and
call for the refinement of present theoretical arXiv:1311.1173v2 [hep-ph] 26 Feb 2014 tools. Furthermore, at RHIC it is challenging to reconcile both the data on the nuclear modification factor, R AA , and azimuthal flow, characterized by v 2 , at high p T within models based on radiative QCD mechanisms [11, 12] .
We take this uncertainty at the theoretical level as an opportunity to make a data driven study that we present here. Similar studies have also been carried out previously in [13] [14] [15] , see also [16] for more theoretically driven studies, and we will return to how they differ from the present work in Section IV.
One of the challenges of modeling the energy loss is that the medium created in heavy ion collisions behaves as a perfect liquid. There are at least 2 major issues. First of all, both the geometry and the dynamical expansion of the medium introduce a complication for the clean extraction of the transport properties of the medium. The longitudinal expansion of the medium causes the energy density to decrease quickly with time (as the inverse of the proper time in the Bjorken model [17] ), and this could clearly affect the path length dependence of the energy loss. Furthermore, the dynamics of the medium in the transverse plane signifies that in non-central collisions there is an asymmetric expansion of the medium, where the expansion in the reaction plane is larger than out-of-plane. To first order the latter effect is supposed to be negligible, but various studies have documented significant effects [18] .
Since we wish to pursue a data driven study, these effects cannot be handled without recourse to modeling and so we will focus on characterizing the energy loss in terms of initial state observables. It is quite remarkable that this seems to work very well.
Secondly, the convincing signals of collective behavior in A-A collisions hint at the existence of a strongly coupled system. This, in turn, challenges the paradigm of using perturbative methods to calculate the relevant degrees of freedom for the jet-medium interactions. Our present study avoids these conceptual difficulties.
One could worry that the measured R AA in and out of the reaction plane is significantly affected by flow. Let us try to argue here that for p T > 8 GeV/c this is in our opinion not very likely. Flow is typically characterized by introducing a mass dependence. Both measurements of v 2 [19] and the R AA [20] have shown that for p T > 8 GeV/c there is little or no difference between results for pions and protons. The triangular flow, characterized by the coefficient v 3 , also seems to disappear in this p T region [19] . As At high energies the energy loss of a colored parton going through a colored medium is expected to be dominantly radiative.
Naïvely one expects that radiative QCD energy loss [22] [23] [24] [25] [26] increases quadratic with path length, since this follows from the stimulated emission probability of a single hard gluon [27, 28] . These emissions are however rare and one should also account for multiple In that way the path length of the two samples should on the average be quite similar, but we note most importantly that the density is quite different. Moreover, the transverse expansion could be much more significant in-plane than out-of-plane and could spoil the comparison. In our studies we find that the latter effect can be neglected and this is in fact also, as mentioned above, what one would expect to first order from theoretical arguments.
Once we have fixed the characteristic length to be similar, it remains to include the effect of the difference in energy density. As it is clearly seen in the lower-right panel of we assume that the characteristic energy density ρ of the sample is given by
where K is a constant that is assumed to depend little on centrality and collision energy.
In the following we always set K = 1 GeV/fm such to make ρ have the units GeV/fm 3 . As this density is not normalized in a meaningful way (because of the data driven nature of this study) we will in the following use arbitrary units (arb. units) in the plots. The pseudorapidity distribution, dN/dη, have been taken from [30] . In Sec. IV where we introduce theoretical estimates for comparison we will discuss how one can normalize this properly to extract meaningful physics parameters. The definition of ρ is inspired by Bjorken's energy density estimate and the observation that the mean transverse energy per produced particle does not change violently as a function of centrality or collisions energy [31] .
The LHC data on charged particle R AA and v 2 used in this publication have been taken from [32, 33] . CMS has published similar data [34, 35] but with coarser segmentation in centrality and p T , while ALICE v 2 measurements does not cover centralities above 50 % [19] . The R AA in-and out-ofplane used in our data driven analysis has been obtained as R AA, in = R AA (1 + 2v 2 ) and To extract information beyond merely the level of suppression of the spectra, we would like to study the phenomenon of energy loss more directly [12, 36] . To this aim we will assume that the spectra in p-p and A-A collisions can be described by a power-law with a similar exponent and that the difference comes from the fact that the primordial p T of the partonic A-A spectrum has been shifted to lower values due to energy loss in the medium. Note that the shift itself could be p T dependent. Explicitly, the p T shift is defined as ∆p T ≡ p T,i − p T,m , where p T,i is the momentum of the parton prior to energy loss while p T,m is the momentum of the hadron as measured in the detector. Then, following a similar method as employed by PHENIX [36] , the p T spectra of particles in a certain centrality class can be compared via dN pp dp T,i (p T,i ) = dp T,m dp
where the first term is the Jacobian of the One can find several scaling variables from the orientation-dependent R AA alone since, e.g., the squared scaling variable will also align the R AA . As an additional criterium we will therefore demand that the extracted energy loss is approximately linear in the scaling variable.
III. RESULTS Figure 2 shows a summary of the main results from our studies of LHC data. In the energies is an almost centrality independent decrease of particle density dN/dη of a factor 0.48 [30] . In our picture one therefore expects the energy loss to be approximately 40% larger at LHC than at RHIC for simi- 
IV. DISCUSSION
In the sections above, we have extracted a quite robust scaling law relating the characteristic p T shift of high p T hadronic spectra in A-A collisions to generic properties of the collision, such as the multiplicity density and the RMS of its distribution, that seems to work over an order of magnitude in collision energy. Despite the fact that these properties are quite inclusive and do not take account 1 The two fits are a linear, ∆p T /p T = Cξ, and a nonlinear relation, found by solving dp T /p T = Cdξ, where ξ = ρ 1 /2 L and C is the slope parameter.
The latter parameterization illustrates that the deviation from the linear dependence on the scaling variable ξ is consistent with a constant relative energy loss.
of the dynamical evolution of the system created in these collisions, the observed scaling suggests a dominant and consistent mechanism underlying the physics of jet quenching from RHIC to LHC.
In the discussion of energy loss we have focused on the very high p T data while in loss. Then, from Eq. B3, we find
where n is the power of the invariant p-p spectrum andᾱ = α s C R /π (C R being the relevant color factor), and we refer to Appendix B for further details. Within our data driven approach, these ideas rather imply that the extracted values of the average transport parameter involves a significantly largerinitialq 0 in the early stages of the collision. A generic theory driven approach to a wide array of energy loss scenar-ios were presented in [37] in the context of a Monte-Carlo model which also includes realistic nuclear geometry and couples to a hydrodynamical model of the plasma, see also, e.g., [41] for similar efforts.
The extraction of the p T loss is done for charged particles while the quenching supposedly affects the spectra at the parton level. The charged particle p T spectrum at high p T largely reflects leading particles and as we know from measurements at LHC that leading particle fragments in quenched and unquenched jets share similar fractions of the jet p T [42] , this approximation is probably not so bad. Still it would be interesting to make a similar study with jets. The definition of the nuclear modification factor is R AA (p T ) = dN AA dp T N coll dN pp dp T ,
where N coll represents the number of binary collisions (the nuclear overlap function) for the given centrality class estimated from the Glauber model (see, e.g., [43] ). Following the standard interpretation of the suppression of hadron spectra in A-A collisions, we assume that it arises due to a p T shift of the primor-dial parton spectrum. We will therefore write dN AA (p T ) dp T = N coll dN pp (p T = p T + δ p T ) dp T dp T dp T ,
where we have made explicit for which p T value the spectrum is evaluated at and included the Jacobian of the transformation, which also can be written as dp T dp T = 1+dδ p T dp T . Thus, the Jacobian differs from unity if δ p T is a function of p T . Explicitly, the spectrum on the LHS of Eq. (A2) is measured at a given p T , while p T on the RHS represents the primordial momentum of the parton prior to energy loss. Thus, the master equation to extract the energy loss via the p T shift reads dN pp (p T ) dp T = R AA (p T ) dN pp (p T ) dp T dp T dp T
Having no a priori knowledge about the specific form of δ p T that enters the Jacobian, we will parameterize it using two "extreme" cases:
1. Firstly, we assume that p T = k p T , where 0 < k < 1 is a constant. This implies that
2. Secondly, we assume a constant p T shift, δ p T = const. The Jacobian is simply unity, and we get that dN pp (p T ) dp T = R AA (p T ) dN pp (p T ) dp T .
Relevant cases, for which typically δ p T ∼ p α T where 0 < α < 1 (e.g., see Eqs. (B3) and (B4)), fall in between the "extremes" considered above. The p T shifts estimated from these two cases will be averaged and the difference will be indicated as a systematic uncertainty of the procedure. The quenching factor, which encodes the partonic spectrum modified in the medium prior to fragmentation, 4 is defined as
where D( ) is the probability distribution of energy loss. Assuming independent gluon emissions it is simply given by a Poisson distribution [29] , but this premise can be improved upon by including, e.g., phase-space limitations [40] or energy-momentum conservation, see [44, 45] . These corrected distributions give rise to more complex scaling trends than discussed below, but will be neglected in the following. Presently we assume that the invariant p-p is well described by a power law spectrum with constant exponent n. Then, in the large-n approximation we recast the quenching factor as Q(p T ) = exp(−nδ p T p T ), where δ p T is directly related to the p T shift of the medium-modified parton spectrum as d 2 σ med (p T ) dp T 2 = d 2 σ vac (p T + δ p T ) dp T 2 .
4 See [9] for a discussion of the validity of such an assumption. For our present purposes, the quenching factor serves as a good indicator of the parametric behavior of the nuclear modification factor R AA .
This shift can be estimated to be [29] 
Inserting the latter expression into the formula for Q(p T ) we obtain the so-called "pocket formula" for radiative energy loss [13-15, 29, 46] . Relating to our previous discussion, the shift scales as δ p T ∼ p
Finally, note that in the special limit of p T > nω c the p T shift rather becomes
and scales as δ p T ∼ ρ 3 /4 L 2 . Thus, only in this particular regime can one identify the mean energy loss with the typical p T shift due to the dominance of one-gluon emission. The bias due to the steeply falling parton spectrum tend to shift the typical energy loss to smaller values, as given by Eq. (B3).
